A thermodynamic property formulation for dimethyl ether has been developed based on a selection of experimental thermodynamic property data. The formulation includes a fundamental equation, a vapor-pressure equation, and saturated-density equations for liquid and vapor states. In determining the coefficients of the equation of state, multiproperty fitting methods were used that included single-phase pressure-densitytemperature ͑pT͒, heat capacity, vapor pressure, and saturated density data. Deviations between experimental and calculated data are generally within the experimental accuracy. The equation of state has been developed to conform to the Maxwell criterion for twophase liquid-vapor equilibrium states, and is valid for temperatures from the triple-point temperature to 550 K, with pressures up to 50 MPa and densities up to 19 mol dm −3 . The uncertainties of the equation of state in density are 0.1% for the liquid phase and 0.3% for the vapor phase. In the extended critical region, the uncertainties in density are 0.5%, except for very near the critical point. The uncertainties in vapor pressure are 0.2% above 230 K, and increase as temperature decreases. The uncertainties in saturated liquid density are 0.05%, except for near the critical point. The uncertainties in heat capacity are 2.0%. Detailed comparisons between the experimental data and calculated values are given.
Introduction
Dimethyl ether ͑͑CH 3 ͒ 2 O, RE-170͒ is the simplest ether and is a colorless gas at atmospheric conditions. The physical characteristics and properties of dimethyl ether are given in Table 1 . Dimethyl ether is an important raw material that is widely used for pharmaceutical, alternative fuel, pesticide, and chemical applications. It is useful as a precursor to other organic compounds and as an aerosol propellant. Since the last century, researchers have found that dimethyl ether has excellent combustion characteristics, and mixtures with it can replace diesel as a fuel; dimethyl ether produces minimal NO x and CO when combusted, and the use of dimethyl ether as a fuel additive has been extensively investigated. 1 In addition, dimethyl ether is a potential green refrigerant with an ozone depletion potential equal to 0, and a global warming potential equal to 0.1 ͑over 100 years, CO 2 =1͒. 2 At present, dimethyl ether is produced primarily by converting hydrocarbons, predominantly from natural gas. The thermophysical properties of dimethyl ether are very important, and many researchers have measured its properties. In recent years, the authors' groups have launched a systematic study on the thermophysical properties of dimethyl ether. At present, we have acquired much experimental data for this fluid, such as the critical parameters, saturatedvapor densities, saturated-liquid densities, vapor pressures, pvT properties, and so on. The purpose of this work is to develop the auxiliary equations and the equation of state for dimethyl ether on the basis of an extensive collection of experimental data.
Critical and Triple Parameters of Dimethyl Ether
The critical parameters are important fundamental properties for the fluid and are a prerequisite for the development of the auxiliary equations and equation of state. The authors launched a search on the existing critical parameters of dimethyl ether and found that the differences between these data are significant. Detailed information can be found in Table 2 ͑temperatures are converted to ITS-90͒ and Figs. 1-3 .
It is difficult to determine the critical parameters. As described in detail in Wu's Ph.D. dissertation, 3 there are shortcomings and faults in the classical methods for determining the critical parameters. After comprehensive analysis and evaluation, we used the critical temperature T c = ͑400.378Ϯ 0.01͒ K that was determined by the authors' groups previously. 3, 6 It is difficult to accurately determine the critical density because of the infinite compressibility at the critical point and the difficulty of reaching thermodynamic equilibrium. The critical density was determined to be ͑5.94Ϯ 0.25͒ mol dm −3 during the fitting process of the equation of state. The critical pressure was determined from the final equation of state as a calculated point at the critical temperature and density-the value is ͑5336.8Ϯ 50͒ kPa. Figures 1-3 show the critical temperature, density, and pressure as functions of the year that they were reported.
The triple-point temperature of dimethyl ether was measured by Kennedy et al. 13 with a reported value of 131.66 K. Since the triple-point pressure is too small to be measured directly, it was calculated to be 2.2 Pa from the final equation of state. The other fundamental constants are given in Table  1 .
Auxiliary Equations
The auxiliary equations include the vapor-pressure equation and the saturated-density equations for liquid and vapor states. The properties along the saturation lines can be calculated quickly and expediently through them. In order to keep consistency over the whole thermodynamic surface, the properties must be calculated with the equation of state. At saturation, application of the so-called Maxwell criteria is needed, which includes an iteration procedure. These criteria require equal Gibbs energies and equal pressures for the saturated-liquid and vapor states at the same temperature. The auxiliary equations are not required, but they can be used to calculate the initial value for the iteration to speed up the calculation. where n 1 = −7.112 782, n 2 = 1.971 239, n 3 = −2.276 083, n 4 = −2.215 774, = ͑1−T / T c ͒, and p is the vapor pressure. The values of the critical parameters are given in Table 1 .
The vapor-pressure equation

The saturated-liquid density equation
The experimental saturated-liquid density data are summarized in Table 4 
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are quite old ͑1922͒, and the uncertainty of the data reported by Wu et al. 4 is about 0.1 mol dm −3 . Hence, neither source was used to develop the new saturated-liquid density equation. The data reported by Wu and Magee 8 and the values generated by the final equation of state of this work from 346 to 400 K were used to correlate the saturated-liquid density equation by use of the simplex method. 17 The saturatedliquid density can be represented by 
The saturated-vapor density equation
As shown in Table 5 , the experimental saturated-vapor density data are limited; only 51 data points are available. Even worse, 13 of them are quite old and the rest were obtained by the same group, so that the internal consistency among different groups could not be checked. Values generated from the final equation of state in this work with the Maxwell criteria were used in developing the saturated-vapor density equation with the simplex method. 17 The saturatedvapor density can be represented by 
The Equation of State
The equation of state developed in this work is formulated by using the Helmholtz energy as the fundamental property with temperature and density as independent variables,
where f is the Helmholtz energy, f o ͑T , ͒ is the ideal-gas Helmholtz energy, and f r ͑T , ͒ is the residual Helmholtz energy. Modern equations of state are often formulated in this way because all other thermodynamic properties can be calculated through the derivatives of the Helmholtz energy. 18, 19 The dimensionless reduced Helmholtz energy becomes
where the inverse reduced temperature is = T c / T and the reduced density is ␦ = / c .
Ideal-gas Helmholtz energy
The ideal-gas Helmholtz energy, in dimensionless form, can be represented
where c p 0 is the ideal-gas heat capacity, 0 = T c / T 0 , ␦ 0 = 0 / c , and 0 is the ideal-gas density, which can be calculated by the ideal-gas equation of state ͑ 0 = p 0 / RT 0 ͒. The parameters T 0 , p 0 , 0 , h 0 o , and s 0 o are arbitrary constants that are used to set the enthalpy and entropy to a prescribed reference state. As shown in the above equations, the ideal-gas heat capacity c p 0 is used to calculate the ideal-gas Helmholtz energy. The ideal-gas heat capacity c p 0 can be obtained by statistical methods or by correlating experimental data. In general, all fluids can be fitted with the same functional form, 18 c p
where R = 8.314 472 J mol −1 K −1 is the molar gas constant. 20 Since there are no new precise data available, the equation developed by Ihmels and Lemmon 12 was selected; the coefficients and exponents are c 0 = 4.039, u 1 = 361 K, u 2 = 974 K, Figure 4 shows comparisons of ideal-gas heat capacities c p 0 calculated by Eq. ͑7͒ to experimental and theoretical data as a function of temperature T.
The ideal-gas Helmholtz energy equation, derived from Eqs. ͑6͒ and ͑7͒, is 0 = a 1 + a 2 + ln ␦ + ͑c 0 − 1͒ln
where
and
͑10͒
The ideal-gas reference state points are T 0 = 273. 
Residual Helmholtz energy
Unlike the ideal-gas Helmholtz energy equation, the residual Helmholtz energy equation is fitted with large numbers of multiproperty experimental data, such as pT, heat capacity, sound speed, vapor pressure, saturated-liquid density, and saturated-vapor density. The authors have summarized the available experimental data of dimethyl ether, which are listed in Tables 3-7 . The data finally used in fitting the equation of state are also marked in the tables.
In this work, the nonlinear fitting algorithm used to optimize the residual Helmholtz energy equation was based on the Levenberg-Marquardt method. 21 The fitting algorithm minimizes the function
where W specifies the weight assigned to a particular property. A different weight W was assigned to each data point used in the fitting process. The quality of the resulting equation of state is determined through comparison of calculated deviations of individual data points and the total deviations of specific data sets. The final weight on a data point should reflect the approximate uncertainty. In general, data points with uncertainties less than 0.01% are given final weights of 1000, those with uncertainties less than 0.1% are given final weights of 10-100, those with uncertainties of 0.1%-0.2% are often given final weights of 1, and those with higher uncertainties are given weights of 0.01-0.1. Overall, the process of fitting the equation of state is a process of finding a balance between the weights and the reliable data. There are some criteria for the equation of state to conform to expected behavior at experimentally accessible states and at high temperatures and pressures. The values of t i in the equation given below should be greater than zero, and d i and l i should be integers greater than zero. The temperature exponent t i on the density exponent d i = 4 is fixed exactly to 1 for the equation of state to have proper extrapolation behavior at high densities and temperatures-Sec. 4.4 shows that the extrapolation behavior of the equation of state is reasonable at extremely high pressures, densities, and temperatures. In addition, the number of polynomial terms used should be limited to avoid irregular behavior; in this work, only five polynomial terms are used: two to represent the second virial coefficient ͑d i =1͒, one for the third virial coefficient ͑d i =2͒, one for the fourth virial coefficient ͑d i =3͒, and the term for the extreme conditions ͑d i =4͒. The work of Lemmon and Jacobsen 22 should be consulted for more information.
In contrast to the equation of state developed by Ihmels and Lemmon, 12 the functional form used in this work 24 and Lemmon and Jacobsen. 22 The form of r ͑ , ␦͒ is as follows and the coefficients as well as the exponents are given in Table 8 : 
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r ͑,␦͒ = ͚ i=1 5 n i ␦ d i t i + ͚ i=6 11 n i ␦ d i t i exp͑− ␦ l i ͒ + ͚ i=12 15 n i ␦ d i t i exp͑− i ͑␦ − i ͒ 2 − ␤ i ͑ − ␥ i ͒ 2 ͒.
Comparisons with experimental data
The experimental data available are listed in Tables 3-7 , with the temperatures converted to ITS-90. The percentage deviation between the experimental data and the values calculated from the equation for any property, X, is defined as
͑13͒
With this definition, the average absolute deviation ͑AAD͒ is defined as
where N expt is the number of data points. The bias is defined as
The AAD and bias between the experimental data and the values calculated from the equation of state are listed in the last two columns of the experimental data summary tables.
Comparisons with saturation thermal data
The experimental vapor-pressure data are summarized in As shown in Fig. 8 , the saturated-vapor density data are very scattered. None of the data were used in developing the equation of state, and the data generated from the Maxwell solution of the equation of state were used in developing the saturated-vapor density equation, Eq. ͑3͒. 
Comparisons with pT data and virial coefficients
The experimental pT data and virial coefficients are summarized in Table 6 and shown in Fig. 9 . Figure 10 compares densities calculated by the equation of state to experimental data as a function of pressure p; the deviations are shown in groups containing data within a 10 or 20 K interval. In the liquid phase, the data of Wu and Magee 8 and Outcalt and McLinden 25 were used in developing the equation of state at low temperatures, and the data of Outcalt and McLinden and Ihmels and Lemmon 12 were used to develop the equation of state at high temperatures, as it is very hard to judge which is more accurate. In the gas phase, the data of Yin and Wu 11 were used for developing the equation of state because the data of Arteconi et al. 26, 27 have higher uncertainties. In the critical region, the data of Outcalt and McLinden 25 were used to develop the equation of state, as the uncertainties of the data reported by Ihmels and Lemmon 12 are larger in the critical region. Comparisons with the equation of Ihmels and Lemmon 12 are also shown in the plot. The two equations are very similar in the compressed-liquid region. In the gas region, the equation of Ihmels and Lemmon 12 deviates from the experimental data, with decreasing errors as the pressure decreases. In the critical region, the uncertainties of both equations are higher, but the equation of this work is more reasonable, as the new equation contains additional Gaussian bell-shaped terms with coefficients fitted to data and constrained to new methods described by Lemmon et al. 22, 23 The equation of state represents the data of Wu and Magee 8 with an AAD of 0.052%, the data of Outcalt and McLinden 25 with an AAD of 0.065%, the data of Ihmels and Lemmon 12 with an AAD of 0.134%, and the data of Yin and Wu 11 with an AAD of 0.106%. The reason for the higher AAD of the data reported by Ihmels and Lemmon 12 is that deviations between the experimental data and the values calculated with the equation of state in the critical region are as large as 10%. The reported data for the second virial coefficients and third virial coefficients are summarized in Table 6 . Comparisons of values calculated from the equation of state are shown for the second virial coefficient in Fig. 11 , and for the third virial coefficient in Fig. 12 . The scatter in the virial coefficients is high, and the values were not used for developing the equation of state. The deviations show a downward trend below 300 K. The same trend is found in the analysis of Yin and Wu.
11 Figure 13 , in which the y intercept ͑zero density͒ represents the second virial coefficient at a given temperature, and the third virial coefficient can be taken from the slope of each line at zero density, shows that the behavior of the second and third virial coefficients as well as the shape of the equation of state in the two-phase region are reasonable.
Comparisons with caloric data
The caloric data for dimethyl ether are summarized in Table 7 and shown in Fig. 14 . There is only one data point for the enthalpy of vaporization of dimethyl ether. The de- 
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viation between the point and the value calculated from the equation of state is 0.38%. There are two data sets for the sound speed for dimethyl ether. The high deviations of the data by Richardson and Tait 28 show that the data might be suspect, and these data were not used in fitting.
For the saturation heat capacity, only the data set reported by Wu and Magee 8 is available, which is summarized in Table 7 . Figure 15 compares saturation heat capacities c calculated with the equation of state to experimental data as a function of temperature. The deviations are generally within 1.0%, and the average absolute deviation is 0.3%. The data of Wu and Magee 8 were also used to evaluate the vapor pressure at low temperatures with the method of DuarteGarza and Magee.
14 Two-phase isochoric heat capacities c v2 calculated with the equation of state are compared to experimental data as a function of temperature in Fig. 16 . The average absolute deviation of the equation from the data is 0.68%. There is an upward trend in the deviations above 270 K.
The data available for the isobaric heat capacity are summarized in Table 7 . They are very scattered and were not used in developing the equation of state except for the data reported by Kennedy et al. 13 As shown in Fig. 17 , the deviations of the data of Kennedy et al. 13 are generally less than 1.0%, except for one data point. The data of Tanaka and Higashi, 29 which also were not used for developing the equation of state, show positive deviations of 6.5%. The rest of 
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the available data show negative deviations of 2.5% or more. Overall, the situation for the isobaric heat capacity for dimethyl ether is not good, and additional measurements are needed. As summarized in Table 7, only Wu and Magee   8 reported isochoric heat capacities of dimethyl ether. The absolute average deviation of the equation from the data is 0.45%, and the equation of state represents the data within 1.0%, as shown in Fig. 18 .
The extrapolation behavior of the equation of state
The equation of state should have reasonable extrapolation behavior, and a plot of constant property lines on various thermodynamic coordinates is useful in assessing the behavior. The equation developed in this work was used to plot isochoric heat capacity ͑Fig. 19͒, isobaric heat capacity ͑Fig. 20͒, and sound speed ͑Fig. 21͒ versus temperature, temperature versus density ͑Fig. 22͒, pressure versus density ͑Fig. 23͒, and characteristic ͑ideal͒ curves of the equation of state ͑Fig. 24͒. Figure 19 shows a diagram for isochoric heat capacity c v versus temperature. Figure 20 is Figure 22 shows the density behavior along isobars of the equation of state for dimethyl ether. The rectilinear diameter is shown in the diagram, and is straight, as it should be, up to the critical point. Figure 23 shows the isothermal behavior of the equation of state at extreme conditions of temperature and pressure.
The figure indicates that the extrapolation behavior to extremely high pressures, densities, and temperatures is reasonable. As explained by Lemmon and Jacobsen, 22 the smooth behavior comes from the term with t i = 1 and d i =4. Figure 24 shows the characteristic ͑ideal͒ curves of the equation of state as a function of reduced temperature T / T c and reduced pressure p / p c . Figure 24 is used to assess the behavior of the equation of state in regions without available experimental data. 23, 24, 30 The characteristic curves describe the behavior of the compressibility factor Z ϵ p / RT and include the Boyle curve, the Joule-Thomson inversion curve, the Joule inversion curve, and the ideal curve. The Boyle curve is given by The ideal curve is given by
Overall, these plots indicate that the equation-of-state behavior is appropriate within the valid range, and that the extrapolation behavior is reasonable at higher temperatures and pressures.
Conclusions
A new equation of state for dimethyl ether has been developed. The deviation in density is generally less than 0.1% and does not exceed 0.25% in the liquid region. In the supercritical region, the deviation in density is generally less than 0.25%, except for a few data points. The deviation in vapor pressure of the equation of state is generally less than 0.5%. The deviation in saturation heat capacity and isochoric heat capacity is generally less than 1.0%.
The uncertainties ͑k = 2, indicating a level of confidence of 95%͒ of the equation of state in density are 0.1% in the liquid phase and 0.3% in the vapor phase. In the extended critical region, the uncertainty in density is 0.5%, except for very near the critical point. In the vapor-liquid region, the uncertainty in vapor pressure is 0.2% above 230 K, but increases as temperature decreases; the uncertainty in saturated liquid density is 0.05%, except for very near the critical point. The uncertainty in heat capacity is 2.0%.
The equation of state of this work is valid from the triplepoint temperature to 550 K, with pressures up to 50 MPa, and densities up to 19 mol dm −3 . As detailed in this article, the extrapolation behavior of the equation of state is reasonable, and the equation can be extrapolated up to the dissociation limit of the fluid, with pressures up to 100 MPa. Ancillary equations for the vapor pressure and saturated liquid and vapor densities have also been developed that can be used for fast calculation or as the initial value for iteration with the equation of state.
There is a need for further measurement of caloric properties of dimethyl ether, including sound speed and heat capacity. Transport properties ͑such as viscosity and thermal conductivity͒ should be further measured to develop formulations for use in engineering system design and analysis. 
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